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ABSTRACT 


The MIT-OMR electrostatic accelerator and broad-range Spectro- 
graph have been employed to investigate the P3l(d,p)P32 reaction, Thin 
targets of silver pyrophosphate evaporated onto Formvar films were bom- 
barded with 6-Mev deuterons, The proton groups corresponding to exci- 
tation of the ground state of P32 and of the fifty-two excited levels 
were analyzed at laboratory angles of 30, 50, 70, and 90 degrees, The 
groundestate Q-value was found to be 5.709 + 0.010 Mev in good agree- 
ment with results by other experimenters, Several levels, which were 
obscured by contaminant groups in the previous work on this nucleus, 
were identified, as well as many levels not previously resolved, 


Because of the relatively large amounts of sodium in the evapo- 
rated material, it was possible to confirm the ground-state «evalue of 
the Na23(d,p)Na?h reaction, Proton groups corresponding to transitions 
to the ground state and nineteen excited levels in Na2l were found in 
this work, 
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I, Introduction 


The MIT-ONR electrostatio acceleraior used in conjunction with 


the broad-rance spectrog 





aph is particulariy well suited to the deter- 
mination of miclear energy levels. In this work, the equipment is 
used to determine the energy levels of 2م‎ by analysis of the proton 
grouns from the P2l(a, p)P22 reaction. 

According to the shell model”, the nucleus >” has a single 
proton hole in the 91/2 shell and a single neutron in the d3 /2 shell. 
It is therefore amenable to treatment by the method of Goldstein and 
Talmi,2 These authors have developed a set of equations for deter- 
mining the binding energies of nuclei such as PJ? in terms of various 
nuclear parameters, including the muclear spine of the ground state 
and of the excited levels. To provide a check for these calculations, 
it is desirable to have information on the energy levels and spins of 
the levels in the nucleus. The energy levels are determined by methods 
described in this work, A limit can be set on the spins of the levels 
by employing the stripping theory of Butler.” 


pression for the cross section of the (d,p) reaction as a function of 


Butler derives an ex- 


the reaction angle, with رم“‎ the momentum of the captured neutron, as 
a parameter, Dy measuring the total number of particles at various 
angles in a proton croup corresponding to a particular nuclear state, 
the experimental variation of reaction cross section can be determined, 
This is then compared with the theoretical curve from the Butler theory 
to determine tho value of £n which gives the best fit to the data, In 
this way, limits can be set on the spin of the level in question in 
accordance with the relation! 
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As the first step in obtaining the necessary data, this work 
was ained at identifying and measuring the energy of the excited 
states of P3% from an analysis of the P21(d,p)P? reaction, Απ 
accurate Q-value for the ground-state transition is also obtained 
in this analysis, 
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II, Apparatus 


This investigation was carried out using the MIT-OM elece- 
trostatic accelerator and the associated deflecting magnet, collimat- 
ing slit system, target chamber, aid broaderange spectrograph. 5,6 
Analysing Magnet 

A cuteaway drawing depicting the salient features cf the 
accelerator is shown in Figure 1, The energy of the charged-parti- 
cle beam and the spread in energy are defined by a collimatinr s11t 
system and the deflecting macnet. latter acts as a momentum 
filter. The momenta of particles which can pass through the magnet 
gap are determined by the setting of the magnetic field strength, 
which can be accurately measured as described below. The slit sys- 
tem controls the allowed energy spread in the incident beam, accord- 
ing to the relation’ 

ac 
Να = (M + 1) 


R = energy resolution 

& * radius of curvature of rays 
at = Mu! 

at = width of entrance slit 


H = magnification. 
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For the magnet in use at M.I. T., M Z 0.6, &ç % 60 em, so that 
a slit width of 1 mm gives an energy resolution of about 1:800. The 
spread in the input energy is further controlled by a corona current 
stabiliser that uses a portion of tho beam current to control the 
current to the terminal, After passing through the deflector magnet, 
where it» direction is rotated through 90 degrees, the beam is 
focused on a set of defining slits placed 155 om from the exit face 
of the magnet, The besm current collected on these insulated slit 
jaws is used to provide the corona current stabilization mentioned 
above. 


Target Chamber 
The particle beam next enters the target chamber in which are 


placed the thin targets to be bombarded, It has been observed that, 
when targets are exposed to a particle beam, contaminantes, particu- 
larly carbon, build up on the surface of the target illuminated by 

the beam, This build-up causes a broadening of the output particle 
peaks because of energy straggling and introduces an error into the 
energy determinations, To minimize this effect and also to preclude 
fracturing of the fragile targets, the target frames are mounted in 
a rotating mechanism, This consists of a small D. C. motor mounted 
on the lid of the target chamber, A shaft is mounted eccentrically 
on the rotor, and this in turn holds the target frame, A circular 

motion of the target in a plane perpendicular to the incident beam 
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is thus produced, This causes the beam spot to illuminate the target 


over a ring-shaped area on the target of mean diameter about 1 cm, 


The particles emerging from the target chamber into the aecept- 
ance angle of the spectrograph (Fiyjure 2) are deflected by the spec- 
trograph's magnetic field with radii of curvature proporticnal to 
their momenta, Placed in the hyperbolic focal surface of the epee- 
trograph are three 2 x 10-inch Eastman NTA 25-micron photographic 
Kisten that record the emergent particles, The plates are held 
rigidly in a specially contructed plateholder that constrains them 
to conform to the focal surface, Prior to loading in tno spectro- 
graph, the plates are indexed by shining light through a series of 
slits whose separations are very accurately known, These index 
marks serve as reference points for measuring distance alone the 
plates when counting the particle tracks, The spectro-raph can be 
rotated about a vertical axis through angles from zero to 130 de- 
grees with respect to the direction of the incident beam, The angle 
of observation can be determined with an error of less than 10 mimtes 
of arc. The solid angle of the spectrograph is independent of the 
angle of observation for the usual setting of the collimating slits, 
It is defined by an entrance aperture and by an 3 mm slit in front 
of the focal surface, The aperture angle is adjustable, but is nor- 
mally used with a half angle of 24 degrees, The solid angle on the 
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focal surface is about 3. x 107b steradiens et a plate distance of 
52 em, 

In order to have a correlation between the position of charged- 
particle «roups elong the photographic plate and their momentum, it 
is necessary to calibrate the spectrograph with a known standard, 
Alpha particles from the radioactive isotone Po? (Rar) are used for 
this purpose, A silver wire is coated with a thin layer of poloniun 
by dipping it into a solution of a poloniwna salt for about lO minutes, 
The wire is then placed in the target chamber, and its position is 
fixed to correspond with the position cf the beam soot from the 
accelerator, The alpha particles are allowed to emer the spectro- 
graph where they are deflected onto the photographic plates. This is 
done for warious values of the evectrograph magnetic field strength, 
The distances along the plate at which the one-third height of the 
alpha-particle groups is fours! are then plotted against their radii 
of curvature, as determined by the known value of their momenta 
(Bp 9» 331,59 kilogauss-centimeters) and the magnetic induction B, The 
validity of using the distance to the one-third height on the high- 


energy side of the peak is discussed in detail by Buechner et a1," 


Flumeters 
The magnetic fields in the deflector and spectrograph magnets 
are measured and continuously monitored by fluxmeters employing 4 


nuclear magnetic resonance technique. An aqueous solution of lithium 
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chloride contained in a small glass capsule is positioned between 
the pole faces of the magnet, The lithium miclei will precess in 
the magnetic field with Larmor frequency 


..% 


Ih 


iW; = the component, of magnetic moment alon- H 

H = magnetic field intensity 

I = angular momentum of mucleus 

h œ Planck's constant., 

A radio-frequency field of frequency F is applied to the capsule 
with its magnetic vector at right angles to H, At the resonance 
frequency F = v, changes occur in the orientation of the mclear 
moments corresponding to transitions between the magnetic substates 
in accordance with the relation” 


E = mh 
where 
m = I cos p is the magnetic quantum nember for 
the projection of I along H 
E = kinetic energy of Larmor precession, 
This absorption of energy by the lithium nuclei causes a 


relatively large depression of the amplitude of the radio-frequency 
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signal applied to the capsule, This signal is epplied tc the ver- 
tical deflection plates oí a cathode-ray oscilloscope, The damping 
of the signal at resonance is observed as a derression of the sweep 
on the face of the oscilloscope, and the marnet current is adjusted 
to keep the "pip" centered, This preoedure allows the field strength 
to be determined to within the accuracy of measurement oí the radio= 
frequency, The latter can be measured with an accuracy of 1 part in 
100,000. A secondary frequency standard, which ís checked periodi- 
cally with station WWV, is used to determine the frequency accurately. 


Alterations 


During the period covered by this investigation, several 
changes were made in the accelerator. These were aimed at increas- 
ing the maximum operating voltage and beam current attainable. 

The thyrites, which had been used to distribute the voltage 
along the length of the column, were renlaced with resistors, These 
thyrites served to maintain a uniform voltage cradient throurheut the 
length of the accelerator column, However, the thyrites originally 
installed for this purpose had & nonlinear characteristic such that 
the voltage across them saturated at a predetermined value of current, 
Therefore, based on previous experience and also on the experiences 
reported by other Van de Graaff grouns, it was decided te install a 
linear resistor manufactured by the 5, S, White Dental Manufacturing 
Company. This change resulted in several problems, 
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The first of these was the effect of ionization of the nitro- 
gen gas used to insulate the generatore, “This jonization was caused 
by x-rays produced by electrons accelerated up the accelerator tube 
and stopped near the positive ion source at the top of the tube, 
This ionization caused a lowering of the potential of the intermedi- 
ate shell, since the ion current from this shell te the walls of the 
tank was greater than that from the terminal to the shell because of 
the larger volume of ¿as involved. In attempting to bring the volt- 
age back up, excessive charging currents were required on the acceler- 
ator belt, and this led to instability of the generator, The situa» 
tion was remedied by construction of a 2-ineh thick lead shield sur- 
rounding the ion source, This shield effeetively attenuated the 
radiation produced by electron loading and thereby sufficiently reo- 
duced the ionization currents, 

A second effect noted was the difficulty of stabilizing the 
generator voltage. The stabilizer presently in use controls the 
corona current to the intermediate shell whieh 45 connected to an 
equipotential plane two-thirds cf the distance from tho lower end 
of the generator. Present plans call for removal of this shell so 
that the stabilizer can control corona current to the terminal and 
thus have a stronger effect on the total genorator voltage, 
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The targets used in this work were prenered by evapor-.tion of 
silver pyrophosphate onto thin formvar films held on copper frames, 
The evaporation was carried out in a vacuum of about 1072 mm of 
mercury, The material to be evaporated was carefully weighed (100 
milligrams wes used) and placed in a tantalum boat, which was heated 
by the passage cf an electric current, The silver pyrophosphate 
evaporated from the boat end subsequently condense 
films that were placed at distances of 2 to 6 inches from the boat, 





3 onto the Formvar 


The targets were of the order of “= to lO-kev thick for 6=Mev 
incident deuterons, This thickness wae determined by use of an 
alpha-partiele thickness gaugel® whieh measures the thickness in 
terms of an equivalent thickness of air, This figure can then be 
used to determine the thickness in terms of energy loss of incident. 
particles, 
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111, Experimental ‘“rocedure 


Ine Equation 
The type of reaction studied in this work is illustrated in 


Figure 3 (laboratory system). 
The laws of conservation of energy and momentum require 


BE & (1) 
Py = Po + PR (2) 


where the E's and P's are kinetic energy and momentum, respectively, 
Using the cconsorvation relations and solving the momentum triangle 
it is found that 





mee A: w. t. Vasto vis P. (3) 


* 


where 
1 | 一 ~ 一 一 一 一 ~ 一 全 
eX c = » 
(4) 
This equation contains E. but sufficient eaecuracy is obtained 
if the nonrelativistie expression is used: 
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à ج لیے ےی‎ κ. 
Ha Ma Ma 


Combining (1) and (kh), the following equation is obtained: 


H + - VE | 
TM - Ba ہہ : ۔ وو‎ re TR FR (6) 


This equation expresses Q in terms of the energies of the incident 
and output particles, which can be measured in each experiment, 

To obtain the Q-value corresponding to the distance along the 
plate to the one-third height of each proton group, the following 
procedure is employed. The radius of curvature (p) of the varticle, 
corresponding to this distance, is cbtained from the calibration 
curve described above, This is multiplied by the magnetic induc- 
tion (B) measured by the fluxmeter te give the momenta Bp of the 
particles, The relationship between Bp and energy 4s1l 
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This equation may be expanded in powers of (Bo)*, The 
energies of protons, deuterons, tritons, aryl alpha particles have 
been tabulated by Engel. for values of Bo from 10° to 6,5 x 10° 
gauss centimeters, Using the valve of input energy determined by 
elastic scattering ani the output energy determined as described 
here, one can calculate the -value for each level, The calcula- 
tions were greatly facilitated through the efforts of “r, Pieter 
Himno, who programmed this calculation for the IBM 70 computer 
at M. I.T. The results were presented as a table of J-values for 
each centimeter of plate distance, Linear interpolation was used 
to find the Q-value corresponding to each proton groupe 


Target Mass A 
In preparation for exposing the targets to the deuteron beam, 





it is essential to know the relative abundance of target nuclei and 
contaminants, This information is useful as an aid in assigning 

the proton groups observed in the enalysis of the (d,p) reaction 

to the proper reaction, Mass analysis of the target 1s accomplished 
by elastically scattering incident rrotons from the target and analyz- 
ing the scattered protons with the broad-rangs spectrogreph, Be- 
cause each micleus will absorb momentum from the incident beam in 
inverse proportion to ite mass, it is possible to identify a proton 
group with the mass of the seattering mcleus, From the .-equation 
with U set equal to zero for elastic scattering, we obtain, ignoring 


the small relativistic correction § rel: 
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MEL CAL + 2 cos 6 mo ۷ EB Ep 
ہیں‎ 


where 
mes mass ol scatterin: mucleus 
mo" mass of proton 
És“ energy of scattered -roton 
Ey" energy of incident proton 
@ = observation angle (laboratory system). 
, Figure h4 shows the results of a scattering mass analysis 
performed on the target used in this work, A beam of 6,03-Nev 
protons was used, and the scattered particles were analyzed at a 
reaction angle of 130 dssrees, The elements present in the target 
can be attributed to the following: 
Tantalum = boat material used in evaporation 
Silver = evaporated material (Ag), P207) 
Phosphorus = evaporated material 
Sodium = contaminant in evaporated material 
Oxygen « Formvar backing; evaporated material 


Nitrogen = Formvar backing; contaminant in evaporated 
material 


Carbon « Formvar backing 
Chlorine, silicon, and potassium = materials previcusly 
evaporated and not completely purged from 


System; contaminants in evaporated materiel. 
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The unusually high concentrations of sodium and nitroren can 
be explained by noting the nrocedure for synthesizing silver pyro- 
phosphate. This consists of combining silver nitrate and sodium 
pyrophosphate, which could explain ¿he presenee of these impurities, 
Inquiries at all leadine chemical suoply firms faiied to produce a 
source of this compound with a high degree of purity, Attempts wore 
made to evaporate metallic phosphates, which are available with a 
high degree oi purity. τε, was found that it was not possible to get 
sufficient amounts of phosphorus nuclei onto tke target, even with 
targets of l5-kev thickness, In particular, lead vhosphate and 
cadmium phosphate were evaporated. A mass analysis of these tar- 
gets showed large amounts of the metallic miclei but extremely small 
quantities of phosphorus, Further study of this phenomenon is ín- 
dicated to determine what happens to ihe phosphorus in the evapora- 
tion process, 

Although the amounts of contaminant miclei in the target were 
significantly higher than can normally be tolerated, it was decided 
to proceed with the analysis of the (d,p) reaction, The contaminant 
Glements that would be expected to give appreciable yields are carbon, 
nitrogen, oxygen, and sodium, ‘Since these elements have all been 
previously studied in this laboratory, it was felt that no diffi- 
culty would be experienced in nicking out the proton groups from 
these contaminants, It is possible to distinguish unambiguously the 


proton groups aseribed to the p21(a, p) p9* reaction from the proton 
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groups erising from the contaminant elements by noting the relative 


shift in proton energy as a function oí observation angle, 


The (d,p) Leaction 

A deuteron beam of 6,01 Mev was used te bombard the target, 
The energy of the incident deuterons was determined by :easuring 
the energy of the deuterons elastically scattered from the phos- 


phorus. Solving the equation for En, wọ obtain: 


, Mg * Mo 2 cos e y AREA ς کا‎ 
ΚΚ OO X-5 aad. 


This equation can be solved by successive approximations for Ey 
in terms of the energy of the scattered deutcrons, 
The following exposures were used at the varicus angles of 
observations 
30 degrees - 500 uc 
50 degrees - 1500 ye 
70 degrees = 1000 uc 
90 degrees ~ 1000 qe 
The charged-particle beam , which is incident on the target, 
is measured and integrated by a combined sensitive micreanmeter 
and eurrent integrater designed by Enge. ^ A 300«volt bias is om 
ployed in the target chamber to obviate the »ossibility of measurin; 


false currents oroduced by secondary electrons, An additional expo- 
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eure of one-tenth the above values was made at each angle in order 
that the more intense proton groups, particularly those from carbon 
and oxygen, could be counted, Since the values for the 
cl? (a,p)ct? and olö(a,p)ot? reactions are well known, these groups 
serve as a rood check on the input energy and also on the spectro- 
gravh field settings, 

A typical spectrum of the proton groups is shown in Figure 5. 
It is noted that some of the groups are not resolved from contami- 
nant ¿roups, but these were all observed on at least one other ex- 
posure at a different observation angle where the relative ahift in 
proton energy was sufficient to allow resolution of the phosphorus 
groups from those that were due to contaminants, 
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IV, Results 
The p3l(a, p) p7* reaction 


The groundestate vvalue for une Lap)? reaction was 
determined as 5.709 + 0.010 Mev, which agrees within the stated 
errors with the value of 5.704 + 0,003 Mev reported by Van Patter 
at a1, 13 Moreover, fifty-two proton srouns were assigned to excited 
levels in P? by virtue of their energy; shift with observation 
angle, The results are sumsarised in Table I and Figure 6, The 
results of Van Patter et al, and thoe of Dalton et a1, Hh ere 
ineluded for purposes of comparison, It is seen that agreement of 
the present work with that previcusly resorted is quite good, 


The 23 Nah i 
Sufficient yield was obtained from the Na23(d,p)Na2] reaction 





so that these results can also be presented for comparison with tne 
work of Sperduto ond duechner, A groundestate j-value of 11,731 

+ 0,010 Mev was found for the Ma?3(d,p)ma?l reaction in exact agree- 
ment with previous results, All nineteen of the excited levels re- 
ported earlier were confirmed in this investigation, These results 
are presented in Table Ii, It is somewhat surprising that there 
were no proton groups beyond the onè corresponding to the l56-Mev 
level in Was which could be assigned to Na2u It is probable that 
relatively weak sodium groups in this region may have been obscured 
at all observation angles by other more intense groups from pJ? and 
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Table I 
The ?31(a, p) p2? Reaction 


4-Value (Mev) Levels in P22 (Mev) 


Present 
Level + 0.010 Van Patter’? Present Work Dalton! van Patter! 
0 56709 5.70% + 0.003 0 0 0 
1 5.632 5.627 + 0.005 0.077 * 0.003 0.077 + 0.002 
2 5.193 5.189 + 0.010 0,516 + 0.003 0.515 + 0,005 
3 4.560 1.550 + 0.007 1.149 + 0.003 1.154 + 0.007 
h 4.387 — 1.388 * 0.007 1.322 + 0.003 1.316 + 0.008 
5 3.95; 3.3 + 0.007 1.755 + 0.C0% 1.750 + 0.009 
6 3.532 3.527 + 0.008 2.177 + 0,00) 2.177 + 0.009 
7 36486 3.477 + 0.008 2.223 + 0.00) 2.227 + 0.009 
8 3.052 3.054 + 0,006 2.657 + 0.005 2.650 + 0,008 
9 2.966 2.962 + 0.006 2.743 + 0.005 2.742 + 0.008 
10 2.702 2.705 + 0.008 3.007 + 0.005 2.999 + 0.010 
11 2.561 (2.563 + 0.010) 3.148 + 0.005 (3.141 + 0,012) 
12 20th 2.445 + 0,006 3.265 + 0.005 3.259 + 0.009 
13 2.305 2.386 + 0.006 3.324 + 0.005 3.313 + 0.009 
là 2.262 3.47 + 0.005 3.45 + 0,10 
15 1911 3.798 + 0,006 
16 1.819 3.990 + 0.006 
اڈ‎ 1.715 3.994 + 0.006 
18 1.699 1.010 + 0.006 
19 1.669 1.672 + 0.005 h.040 + 0,006 1.032 + 0.009 
20 1.551 4.158 + 0.006 





0.0 + 110,0 
EDO 2 0 
109.0 * EI 
BGO + A.I 
0004 : οτι. 
na» YTI.5 
O > 1 
0.0 + 020.3 
MOD + Wi. 


00,0 < KOS 


(810,0 + E.) 
ᾳσο.0 » IE 
900.0 + ALL. 





۵٤ 


دی 
Td. E‏ 
(eye‏ 


i^ 


232E 
É É 


SEETI 


lo Jo lo 9 ἵ fo je !} Í+ 


3 
ha 
de 

c 








E 
z 


aL 


= 


eL 


$355 


111111111F31111:: 


SAOARARERAERARRAL So... 9 | 





21 
22 
23 


25 
26 
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1.499 
1.128 
1.393 
1.296 
3.19 
1.09% 
1.04.5 
0.831 
0.764 
0.699 
0.632 
0.580 
0.476 
0.365 
0.31 
0.199 
0.159 
0.052 
0.009 
“0.016 
-0.067 
-0, 10%; 
-0,126 
-0.150 
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0,006 + 1.209 0.008 + 1.497 
0,006 + 1.280 
0,006 + 4,316 
disli3 + 0.1‏ 0,006 + 4.12 
0.007 + 4.560 
0.007 + 1.615 
lj, 66, * 0.007‏ 
— 0.007 + 1.878 
9h * 0.007‏ را 
0.007 + 5.010 
0,1 + 5,11 0.007 + 5,077 
0.007 + 5.129 
0.007 + 5,232 
0,07 + 5.37 0.007 + 5.346 
0.007 + ,5.391 
0.006 + 5.510 
0.008 + 5.550 
0,008 + 5.657 
فو تا )0,008 + 5.700 
0,008 * 5.724 
ےی + 5.775 
)0.008 + 5.813 
0.07 + 5.82 )0.008 + 5.935 
)0,008 + 5.858 


aan? 


4.207 + 0.010 
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-0.255 


-0.316 
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5.96L + 0,000 

5.989 + 0.008 

6,024 + 0.008) 

6,062 + event 

6.096 + 0,008) 6.09 + 0.07 
6,131 + 9.008) 

6,160 * 0.008) 

6.196 + 0,003 6.20 + 0.1 
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Table II 


The a*2 (d, p) a2 Reaction 


¿Value (Mev) 

Present 
Work Spercuto and 

+ 0,010 Buechner 
4.7312 4.731 + 0.007 
1.260 4.259 + 0.007 
1.169 4.167 + 0.007 
3.39 3.390 + 0.006 
2.897 2.887 + 0.006 
2.845 2.8147 + 0.006 
2.262 2.267 + 0.006 
2.160 2.170 * 0.006 
1.221, 1.322 + 0.005 
1.143 1.149 * 0.006 
1.104 1.108 + 0.006 
1.083 1.083 + 0.006 
0.989 0.993 + 0.005 
0.890 0.881 + 0,005 
0.825 0,832 + 0,005 
0.802 0.802 + 0.005 
0.5. 0.547 * 0,005 
0,529 0.529 + 0.005 
0,506 0,512 + 0,005 
0.178 0.173 * 0.005 


Levels in Na” (Mev) 


Present Work 


0 

0.472 + 0,003 
0.562 + 0,003 
1.337 + 0,003 
1,84) + 0,004 
1.886 + 0,00) 
2.469 + 0,004 
2.56 + 0.005 
3.407 + 0.005 
3.588 + 0.006 
3.627 + 0.006 
3.648 + 0.006 
3.712 + 0.006 
3.841 + 0.006 
3.906 + 0,006 
3.929 + 0,006 
1.187 + 0.006 
1.202 + 0,006 
4.225 + 0,006 
4.563 + 0,007 


Sperduto and 
Buechner 


O 

0,008 + 0.472 
0.008 + ,0.96 
0,008 + 1,311 
0.008 + 1.84 
0.008 + 1.805 
68 ۶ بلةرام 2 
0.009 + 2.561 
0.009 + 3.409 
0.009 + 3.582 
0.009 + 3.623 
0,009 + 3.648 
0.008 + 3.738 
0.008 « 3,850 
0.0008 + 3.399 
0,008 + 3.929 
0.005 + ,1.181 
0,003 + 4.202 
0,009 + 1.219 
0.009 + 1.558 


500.0 » dii, t 
60  ے‎ ٤ 
OD + LE 
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درد می تس‎ 
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ûon:0 + RAL 
ۓ مھ‎ SE 
ἴσα.υ + WE 
0D + Mf 
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٣م م‎ + man 
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300,9 ۶ 0.6 
OH + TL 
600.0 + WS.» 
oO x 985,0 
100,0 + 43,4 
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the other contaminants, gince the peak density is so high in this 
portion ef the spectrum, 


Errors 
The errors quoted in the U«values an] excitation energies 
are ectually a measure oi the uncertainties in the measurements of 
the energy involved, These uncertainties may be separated into two 
types: one random in nature, and the other systematic, A detailed 
examination of the uncertainty of each level hes not been carried out, 
but the general effects have been noted, and it is felt that the preb- 
able error assigned is a generous estimate of the actual errors, 
Q=Value Srrors, The factors that may contribute to the 
random errors are: 
l. The spread in energy of the incident particles re- 
sulting from finite slit widths; 
2. The spread in energy of the emergent perticles 
from variations in target thickness, 
3. Failure to keep the fluxmeter pip centered on the 
oscilloscope, 
Now, since each y-value is the mean of at least two and 
usually four 
error was obtained by calculating the standard error 





neesurements, an estimate of the random 
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where 
x = mean value of „Tor each level 
X; œ individual ;-value measurements 


n = number cf observations. 


This procedure resulted in an average value of 2.0 kev for the stand- 
ard error, and this is taken as an estimate of the random error, 

The systematic errors are the more significant ones, and in 
general they are a function of the energy of the emergent particles, 
These errors may be due to 

l. The ealibration error of the magnetic spectrorcraoh, 
which includes the error in positionin the polonium wire and the un- 
certainty in the lip value of the polonium alpha particles, 

2. Uncertainties in determining the one-third height 
position of the proton peak, and the validity of using the one-third 
height as a measure of the proton energy. This error also includes 
the uncertainty in measuring the distance from the strip counted in 
the microscope to the index mark, 

3. Since the energies of the elastically scattered 
deuterons used for input energy determination and of the protons 
from the (d,p) reaction are measured after passing through tho target, 
there is an error in the «-value determination from the difference in 
energy losses suffered by protons and deuterons, A correction for this 
effect has been applied to the wvalues, out it is difficult to analyze 


the effeot precisely so that some error is introduced, 
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The estimates for each of these errors ig given in tke follow- 


ing table: 
Table IIT 
System Errors in Values 
(4n pereent of proton energy) 
1. Calibretion error 0,0k 
2. Uncertainty in position of one-third heisht 0,03 
3. Energy loss in target 0,03 


Square root of sum of squares Z 0,06 percent. 


The total error is then taken as the sum of the random and 
systematic errors. Thus, for the ground state at 30 degrees, 


E, * 11.6 Mev 
Random error = 2,0 kev 
Systematic error » 6,9 kev 

Total error = 9,0 kev, 


in order to allow for possible sources of error that may have 
been overlooked in this analysiz, it was decided to list an error of 


+ 10 kev for all Q-values, 
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Exeitetion Energy Errors, The excitation energy is found by 
subtracting the -value for each level from the ground-state Q-value, 


The systematic errors in the «values then tend to cancel out, par- 
ticularly for levels corresponding to proton groups which appear on 
the same plate as those from the ground-state transition, The random 
error wes caleulated as for the 2-values by examination of the 
standard errors of the mean value and was again found to be about 

ὃ καν, The systematic error was taken as 0,1 pereent of the excita- 
tion energy. 
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V. Conelusions 


The present invostigation of the P?*(4,p)p reaction using 
the breaderange svectrograph has extended the information on the 
energy levels of 2م‎ up to lh.56-Mev excitation, In addition, several 
levels that were missed in previous investigations have been observed, 
The existence of the low-lying state at an energy of 77 kev has been 
confirmed, This state can be axplained as arising from the two dif- 
ferent orientations of the unpaired s-proton hole relative to the 
angular momentum of the unpaired deneutron, The very small splitting 
observed requires a comparatively weak spin exchange force even though 
the two particles, being in different orbital states, do not interact 
strongly, Because the lowest steteswould be those with parellel spins, 
the ground state of 7% should have soin 1 and the excited states, 
spin 2, The states in question are members of spin doublets, and the 
dependence of their reaction cross section on the spin dp of the 
residual nucleus is predicted by stripping theory. 

In the stripping theory developed by Butler”, the only tern 
in the cross-section formula that depends on the spin of the final 
nucleus is (2Jp + 1). We can thus use the intensities cf the proton 
groups corresponding to the two levels to check on the spin assign- 
ments msde from stripping theory; Jp = 1 for the ground state and 
Jp = 2 for the 77-kev level. These values lead to a predicted ratio 
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(24, + 1) 
oes = 5 "e 1.57. 


The ratios of intensities foui in this experiment were 30°:1,61; 
$09:1.52; 7T091:11.hh; and 909:1.h1 for an average of 1,5 so that at 
least qualitative agreement is evidenced, 

This investigation served tc demonstrate that an accurate 
analysis of energy levels can be made in the presenee ol a reletively 
large mmber of contaminant nuclel, provided the masses of the con- 
tamínants aro not too close to the mass of the nucleus being studied, 
This ability becomes increasingly important as more mucleí are inves- 
tigated which must be used in compound form to facilitate vacuun 
evaporation of the material onto the Formvar baeckings. 
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